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We analyzed the acquisition of fluorescence of a GFP fusion protein expressed from gene constructs designed to regulate
either the time of translation of the protein or the time of gene transcription. Both gene constructs expressed a fusion protein
with wild-type GFP appended to the N-terminus of the Bicoid (Bcd) transcription factor. One gene construct, P[gfp-bcd]
expressed an mRNA that was initially translated at the time of egg deposition. GFP–Bcd fluorescence could first be detected
in anterior nuclei in the embryo at syncytial blastoderm stage, within 1.5–2.5 h after translation commenced. The second
gene construct, P[hs-gfp-bcd], utilized the hsp70 promoter to regulate the induction of gene expression. In larval salivary
glands, GFP–Bcd fluorescence could first be detected in nuclei after a 40-min recovery period following a 10-min heat shock
induction of gene expression. These estimates of the time required for the acquisition of a fluorescent GFP product in
Drosophila tissues are less than suggested by previously published reports. © 1998 Academic Press
INTRODUCTION
Since the first demonstration that green fluorescent
protein (GFP) can form a fluorescent protein in cells other
than those of the jellyfish Aquoria victoria (Chalfie et al.,
1994), GFP has been expressed in a wide variety of cell
types. GFP has been used both as a reporter for gene
expression, and as a tag in fusion proteins to chart protein
localization (Wang and Hazelrigg, 1994; reviewed in
Chalfie, 1995). Previously published results on GFP expres-
sion in Drosophila report that there is a considerable time
lag following gene expression, up to several hours, for the
GFP chromophore to form and yield a fluorescent protein
(Davis et al., 1995; Brand, 1995; Edwards et al., 1997;
Timmons et al., 1997). We expressed GFP under conditions
where we could regulate either the induction of transcrip-
tion or translation, in order to assess more precisely these
time requirements. We report that under the conditions we
employed, and in the particular tissues we examined, GFP
fluorescence could be detected more rapidly than suggested
by previous estimates.
MATERIALS AND METHODS
Construction of P[gfp-bcd]. NheI and SphI restriction sites were
created by standard in vitro mutagenesis at the start codon of the
bcd coding sequence, in a 5.8-kb BamHI–EcoRI genomic frag-
ment containing the bcd gene, in pBluescript II (KS2) (Stratagene Inc.).
The primer used for in vitro mutagenesis of bcd (‘‘NBG1’’) was 59-
GTTGCGCCATGCATGCAGTGCTAGCCCCAAACACTC-39.
The resulting altered bcd clone is designated pNBG1. Wild-type gfp
(from plasmid 10.1; Chalfie et al., 1994) was PCR-amplified with Pfu
DNA polymerase (Stratagene Inc.) with NheI and SphI appended
restriction sites. The primers used for amplification were ‘‘GFPNhe,’’
59-GAATAAAAGCTAGCAAAGATGAGTAAAG-39, and ‘‘GFP-
Sph,’’ 59-CAGGCATGCTTTGTATAGTTCATCCATG-39. The am-
plified gfp fragment was then fused in-frame at the N-terminus of the
bcd coding sequence in pNBG1, to create pNBGA1. This fusion gene
was subsequently subcloned, as a 6.5-kb BamHI–EcoRI fragment, into
pCaSpeR4 (Thummel and Pirrotta, 1992) to create P[gfp-bcd].
Construction of P[hs-gfp-bcd]. To construct P[hs-gfp-bcd], a
3.6-kb NheI–EcoRV fragment of the gfp-bcd fusion gene in
pNBGA1, extending from just upstream of GFPs start codon to a
site within the bcd 39UTR, 0.1 kb downstream of the stop codon,
was isolated and subcloned into XbaI–StuI-digested pCaSpeR-hs-
ßgal-act (Thummel et al., 1988).
Fly transformation. Transformation of flies followed standard
P-element transformation procedures (Spradling and Rubin, 1982).
A yw;Sb delta2-3 /TM6 strain was used for injections. DNA was
injected at a concentration of 500 mg/ml. Several different inser-1 To whom correspondence should be addressed.
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tions of P[gfp-bcd] were isolated and stocks were established for
each of these. Similar results were obtained with three separate
insertions on chromosome II: lines 89, 192, and 263. A single
insertion of P[hs-gfp-bcd] on chromosome II was isolated; this line
was designated M59-12.
Expression of P[gfp-bcd]: Tissue preparation and microscopy.
Ovaries were dissected in PBS and fixed for 10 min in 4%
paraformaldehyde in PBS, followed by 3 3 10 min washes. The
ovarioles were teased apart in PBS and mounted in 70% glycerol in
PBS. Observations were made on homozygous females from inser-
tion line 263, the line that gave the strongest signal by confocal
analysis of young embryos.
Hourly egg collections were made from 89/CyO, 192/192, and
263/263 females, and the eggs were allowed to develop at 25°C, for
varying lengths of time. The eggs were dechorionated in 90%
bleach, washed in PBT (PBS, 0.1% Tween 20), and fixed for 10 min
in a 1:4 solution of formaldehyde:buffer (100 mM potassium
cacodylate, pH 7.2, 100 mM sucrose, 40 mM potassium acetate, 10
mM sodium acetate, 10 mM Na3EGTA). After being washed 3 3 5
min in PBS, the embryos were mounted in Gel/Mount (Biomeda
Corp.), and observed immediately. Alternatively, embryos were
dechorionated in 50% bleach, rinsed in ddH20, and mounted in
halocarbon oil for live observations.
Control ovaries and embryos from wild-type Canton S (CS) and
Oregon R (Ore R) were prepared identically.
Expression of P[hs-gfp-bcd]: Heat-shock regime, tissue prepara-
tion, and microscopy. Vials were preheated in a water bath at
37°C. Larvae from a strain homozygous for a P[hs-gfp-bcd] trans-
gene (line M59-12) were incubated at 37°C for designated times (10
min for Figs. 2a–2d, and 30 min for Fig. 2e), and were removed and
allowed to recover at 25°C for varying lengths of time before their
salivary glands were dissected. The glands were fixed for 10 min in
4% paraformaldehyde in PBS, washed 3 3 10 min in PBS, and
mounted in 70% glycerol in PBS.
RESULTS AND DISCUSSION
We made two constructs designed to regulate transcrip-
tion or translation of a fusion of GFP to the N-terminus of
bicoid protein (Bcd) (Fig. 1). Since Bcd is a transcription
factor (reviewed in St. Johnston and Nu¨sslein-Volhard,
1992), GFP–Bcd is targeted to nuclei. In the first construct,
P[gfp-bcd], expression is driven by the bcd promoter, and an
mRNA is expressed with bcd’s natural regulatory se-
quences, including bcd’s 59 and 39 UTRs (Fig. 1a). During
oogenesis bcd mRNA is localized to the anterior pole of the
developing oocyte, and is translationally arrested until after
eggs are laid (see St. Johnston, 1995). Thus this construct
was designed to provide translational regulation of GFP–
Bcd expression, ensuring that translation does not begin
until early embryogenesis. In the second construct, P[hs-
gfp-bcd], GFP–Bcd expression is driven by the hsp70 pro-
moter, so that transcription can be regulated by heat-shock
induction (Fig. 1b).
To assess expression of GFP–Bcd under conditions in
which translation was regulated, we examined mature
oocytes hand-dissected from ovaries, and embryos from
mothers homozygous for a transformed copy of P[gfp-bcd].
Drosophila embryos contain a great deal of yolk, which
fluoresces with filter sets used to detect GFP. Wild-type
Canton S (CS) and Oregon R (Ore R) oocytes and embryos
served as controls to determine background autofluores-
cence (Figs. 2a and 2b). As expected, GFP fluorescence could
not be detected in mature oocytes of P[gfp-bcd] females (Fig.
2c). Embryos were examined for GFP fluorescence during
their first 4 h of development. The development of cleavage
stage Drosophila embryos has been reviewed previously
(Wieschaus and Nu¨sslein-Volhard, 1986; Foe et al., 1993).
The earliest nuclear divisions of the embryo occur deep
within the yolk. At nuclear cycle 9, some nuclei have
migrated to the cortex at the posterior of the embryo, and
pole buds form here. At nuclear cycle 10 the majority of
nuclei migrate to the periphery of the embryo, pole cells
form, and cycles 10–13 constitute the syncytial blastoderm
stage. The embryo remains in a syncytial blastoderm stage
until nuclear cycle 14, when cell membranes form. We first
detected a fluorescent signal from GFP–Bcd in anterior
nuclei of syncytial blastoderm embryos (Fig. 2d). Syncytial
blastoderm embryos are approximately 1.5 to 2.5 h old
(stage 4 embryos; Wieschaus and Nu¨sslein-Volhard, 1986).
In one set of experiments, 0- to 4-h-old embryos were
dechorionated and mounted in halocarbon oil, and observed
live. We scored embryos that were no older than cellular
blastoderm stage (pregastrulation embryos; staging was
determined by Nomarski optics). Of 93 embryos in pregas-
trulation stages, 44 were in early cleavage divisions, and in
none was GFP signal detected; 4 were forming pole buds
(nuclear cycle 9) and presented no GFP signal. Of 15
syncytial blastoderm embryos in which pole cells had
already formed (cycle 10 or older), but nuclei were not
visible at the cortex of the embryo, indicating that they
were undergoing mitosis and nuclear breakdown, no GFP
signal was detected. Of 21 syncytial blastoderm embryos in
which nuclei were in interphase (pole cells were present at
the posterior, and intact nuclei populated the entire cortex),
FIG. 1. gfp-bcd gene constructs. The fusion genes are shown (the
P-element vector sequences are not shown). (a) P[gfp-bcd] is regu-
lated by the bcd promoter and expresses an mRNA with bcd’s 59
and 39 UTRs. (b) Expression of P[hs-gfp-bcd] is driven by the hsp70
promoter and utilizes the polyadenylation sequence of the act5C
gene. See Materials and Methods for a description of how these
genes were constructed.
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GFP’s fluorescent signal was detected in anterior nuclei of
20 embryos. There were 9 cellular blastoderm embryos in
this sample, and each exhibited a strong nuclear GFP signal
at the anterior pole. Thus, although we first detected GFP
signal between 1.5 and 2.5 h after the initiation of transla-
tion, signal was detected only when GFP–Bcd was localized
to nuclei, and not when the protein was free in the cyto-
plasm. It is possible that the protein may form a fluorescent
product sooner and remain undetected because it is ob-
scured by the large quantities of brightly fluorescent yolk.
The gradient of GFP–Bcd (Fig. 2d) in syncytial blastoderm
embryos was as expected (Driever and Nu¨sslein-Volhard,
1988), indicating that gfp-bcd mRNA is localized like bcd
mRNA. GFP–Bcd appears to form punctate spots within
anterior nuclei (Fig. 2e), possibly reflecting binding of GFP–
Bcd to target genes, or localization of GFP–Bcd to a sub-
nuclear compartment.
To examine expression of GFP–Bcd under heat-shock con-
trol, third instar larvae carrying P[hs-gfp-bcd] were subjected
to 37°C heat shocks, followed by recovery at room tempera-
FIG. 2. GFP–Bcd expression from P[gfp-bcd]. GFP signal is first detected embryos, in anterior nuclei of syncytial blastoderm embryos,
approximately 1.5–2.5 h after translation commences. No signal is detected during oogenesis, indicating that gfp-bcd mRNA is
translationally arrested during oogenesis, as expected. a (mature oocyte) and b (cellular blastoderm) are wild-type Canton S controls, to
show normal background autofluorescence in yolk, and the lack of signal in embryonic nuclei. The transgenic females used to produce the
ovaries and embryos for c–e were homozygous for a P[gfp-bcd] transgene (line 263; see Materials and Methods). (c) Mature oocyte dissected
from an ovary. No GFP–Bcd fluorescence is detected in mature oocytes. (d) Syncytial blastoderm embryo. Anterior nuclei are strongly
fluorescent, and GFP–Bcd forms an anterior–posterior gradient. This strong nuclear fluorescence continues through cellular blastoderm
stage. (e) Higher magnification view of anterior nuclei, showing the punctate appearance of GFP–Bcd. Imaging was done on a Bio-Rad
MRC600 confocal unit attached to a Zeiss Axioplan microscope, using a K1/K2 filter block. The images in a–d were obtained with a Zeiss
40X plan-neofluar, 1.3 N.A. objective, and for e with a Zeiss plan-apochromat 1003, 1.4 N.A. objective. In all cases, anterior is to the left.
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ture (24–25°C). At varying times during this recovery period,
the salivary glands were dissected, fixed and observed for GFP
fluorescence. Figure 3 shows GFP signals after a 10-min heat
shock followed by 0-min (Fig. 3a), 20-min (Fig. 3b), 40-min
(Fig. 3c), and 60-min (Fig. 3d) recovery periods. GFP signal was
first detected after 40 min recovery, or 50 min following the
initial induction of gene transcription.
Confocal microscopy revealed that GFP–Bcd binds to
many bands in the polytene chromosomes (Fig. 3e). At-
tempts to identify the target genes binding GFP–Bcd in
polytene chromosome squashes were unsuccessful, since
the acetic acid required for appropriate chromosome fixa-
tion destroyed GFP’s signal.
The acquisition of fluorescence by GFP requires posttrans-
lational modifications to form the GFP chromophore, includ-
ing internal cyclization and oxidation steps (Heim et al.,
1994). Previously published reports on GFP use in Drosophila
concluded that GFP chromophore formation is a slow process.
Davis et al. (1995) reported that a zygotically expressed GFP
fusion protein, targeted to nuclei, required 3–5 h for the
acquisition of fluorescence following its translation. Brand
(1995) estimated a time lag of about 3 h for the acquisition of
fluorescence of a GFP–Tau fusion protein expressed in Dro-
sophila embryos. Edwards et al. (1997) reported a time lag of
approximately 2–4 h for detection of GFP fluorescence follow-
ing induction of a hsp70-GFP-moe transgene. Timmons et al.
(1997) compared b-galactosidase staining, and GFP fluores-
cence patterns, of Gal4-driven reporter genes expressing fu-
sions of GFP to b-galactosidase, and reported that the fluores-
cent signal of GFP lagged behind b-galactosidase activity by
several hours.
The gene constructs described in this report, P[gfp-bcd]
and P[hs-gfp-bcd], allowed us to more accurately measure
the time lag in the acquisition of fluorescence following the
induction of transcription or translation. Under the condi-
tions we employed, GFP fluorescence could be detected
within 40 min in salivary glands, following a short 10-min
heat-shock induction of transcription of P[hs-gfp-bcd]. In
embryos, GFP fluorescence was first detected between 1.5
and 2.5 h following the initiation of translation of mater-
nally supplied mRNA from P[gfp-bcd]. However, the pres-
ence of yolk in the Drosophila embryos may have obscured
GFP signal in younger embryos. In the cases described
above (Davis et al., 1995; Brand, 1995; Edwards et al., 1997;
Timmons et al., 1997; this report), the original wild-type
GFP (from cDNA 10.1; Chalfie et al., 1994) was used. Some
mutant forms of GFP, such as GFPS65T, have been reported
to undergo chromophore formation more rapidly (Heim et
al., 1995; Chiu et al., 1996; Cormack et al., 1996). The use
of GFPS65T in Drosophila has produced brighter signals
(Endow and Komma, 1996) in less time (Timmons et al.,
1997) than wild-type GFP, although the exact time require-
ments for the acquisition of fluorescence following the
initiation of transcription or translation of GFPS65T in
Drosophila cells have not yet been reported.
The ability to detect the fluorescent signal of GFP depends
on several parameters in addition to the time-lag required for
chromophore formation. The gfp-bcd genes described in this
report were designed to overcome some problems that are
often encountered with GFP detection. One potentially seri-
ous problem is background autofluorescence, which can ob-
scure the GFP signal. Since much cellular autofluorescence
occurs with excitation and emission wavelengths produced
with FITC filter sets (Aubin, 1979; Niswender et al., 1995),
this is especially problematic for GFP. One solution is to
target GFP to the nucleus, where autofluorescence is minimal
in the cell (Aubin, 1979; Niswender et al., 1995). In both cell
FIG. 3. Expression of P[hsp70-gfp-bcd]. GFP signal is first detected
in third instar larval salivary gland nuclei after a 40-min recovery
period following a 10-min heat shock. In a–d, a 10-min heat shock
was followed by the following recovery periods: a, 0 min; b, 20
min;. c, 40 min; d, 60 min. (e) GFP–Bcd binds to many bands in the
polytene chromosomes of larval salivary glands. In this case, a
30-min heat shock was followed by a 2-h recovery period. Imaging
for a–d was on a Zeiss Axiophot microscope, using a 403 plan-
neofluar, 1.3 N.A., objective, and a FITC 09 filter set. Image e was
obtained with a Bio-Rad MRC600 confocal unit attached to a Zeiss
Axioplan microscope, using a K1/K2 filter block, and a Zeiss
plan-apochromat 1003 objective.
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types we observed, cytoplasmic autofluorescence was present
with the FITC filter sets we employed. In the Drosophila
embryo, this autofluorescence is particularly problematic be-
cause yolk is highly autofluorescent.
The cellular concentration of GFP is a critical factor for its
detection, and minimal levels of 1 mM have been estimated for
detection of wild-type GFP (Niswender et al., 1995). Both gene
constructs for GFP–Bcd expression were designed to yield high
concentrations of the fusion proteins within the cells where
they were expressed. First, targeting the proteins to the
nucleus increased their concentration in a subcellular com-
partment. In addition, gene regulatory elements contributed
to high concentrations of the fusion protein. In the case of
P[hs-gfp-bcd], the hsp70 promoter provided strong induction
of gene expression. Our observations were made on salivary
glands, a polytene tissue, so that many gene copies were
present in each cell. In the case of P[gfp-bcd], the mRNA that
is expressed contains bcd’s 39 UTR RNA localization signals,
leading to highly concentrated mRNA at the anterior of the
developing oocyte, and a high concentration of protein at the
anterior pole of the young embryo (reviewed in St. Johnston,
1995). Thus, although GFP chromophore formation places
constraints on time requirements for signal detection, the use
of strong promoters and other forms of regulation to achieve
high subcellular concentrations of GFP fusion proteins can
promote more rapid detection of fluorescent signals from GFP
reporter genes.
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